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OVERVIEW & OBJECTIVES 
GOAL: Enhance Hie understanding erf the effect that near-nozzle and 
inner-nozzle How conditions have on jet noise radiation. 

OBJECTIVE l - High-Fidelity Characterization of a Heated. 
Over-Expanded Supersonic Jet. 

OBJECTIVE 2 - Source Identification Through Development of 
Advanced Analytical Diagnostics. 

OBJECTIVE 3 - Enhanced Computational Modeling of 
Hot Supersonic Jets. 

ÄTKOV( it's lies 
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ACHIEVEMENTS 
OBJECTIVE 1 - HIGH-FIDEUTY CHARACTERIZATION 

• Successful Acquisition of MHz-PIV Synchronized with 
Near- and Far-Field Acoustic Data 

- Ensembles of 16 Single-Exposure Images with I jts Time Resolution 

• Detailed Jet Characterization through Additional Measurements 

- Probe Mapping of Pressure Distribution in the Plume 

- Acoustic Data versus Jet Operating Condition 
- Schlieren Flow Visualization 
- Pulse-Burst Laser Flow Visualization 

Demonstration of 
Volumetric P1V with 

Plenoptic Imaging 
STATUS: 

• Data Reduction of Synchronous Data Set in Progress 

- PIV Image Processing 
- Stieak Image Processing 
- Acoustic Data Reduction 

AFROAt (II Sill S   
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ACHIEVEMENTS 
OBJECTIVE 2 - SOURCE IDENTIFICATION DIAGNOSTICS 

• Developed "Shock Detection Algorithm" 

- For application to the pressure signal emitted by supersonic jets. 

- Enhanced understanding of potential sources for crackle. 
- Enlianccd understanding of cumulative non-linear distortion - specifically the 

implications lor range restricted environments (lab scalei. 

• Developed Analysis Methodologies to Investigate Noise Source Terms 
- Application to LES data shows preliminary results thai w aveiuiinhcr/lrei|ueney 

content shows consistency along lines of constant convection velocity. 
- Structured wilh the goal of application to the synchronous data set. 
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ACHIEVEMENTS 
OBJECTIVE 1 - ENHANCE»COMPUTATIONAL MODELING 

• Enhanced 1 lybrid RANS/LES Methodology to Include 
Inner-Nozzle Features in the Jet Simulation 

• Developed and Exercised a Computational Framework lor 
Phased Array Analysis 

- Also applicable to Objective 2. 

fi) nU* Hi-*L»1 tea. 
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OUTLINE OF DISCUSSION 
• Brief discussion of tlK jet racfljfkn and characteristics: 

- Shuck Free Nozzle at LT-Austin 
- Cook-Section Nozzle ai U. Mississippi 

• What we learned about Mach wave emission and crackle... 

• How we improved Hybrid RANS/LES modeling lor military style nozzles.. 

• What we found from the computational phased array analysis... 

• What we have learned by investigating noise source terms with LES data.,. 

• Mow we setup and acquired the synchronous data set... 

- Preliminary results of streak-image analysis. 

- I"reliminary results from Time* Resolved PIV analysis. 

• Another promising approach... Plenoplie PIV 

H At-K",-V •<"•*!.<•*   
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OUTLINE OF DISCUSSION 
• Brief discussion of the jet facilities and characteristics: 

- Shock Free Nook al UT-Austin 
- Conic-Section Nozzle at U. Mississippi 

- 
- 
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SHOCK FREE NOZZLE AT UT-AUSTIN 

1V\|M i «iiniil.il CUIldiliullS {t-sliiii;in-|| II urn (juaii 1-D mull upiv I'liinpi'i ütSlblc lluW U|.) 

*    Current data: acquired dunng 3 da>s i Kill 2(111) 

il-.urav  (day  t)   rt,rkI-;UTuy (day 4) 

T, \K\ 

I', [»'/"I 
I h = IIJI), [kllz\ 

T,rrm 
P—lPi 
it,, 

a. - o.sw/j [m/«) 

Mc = «/«/a» 

100.7 
391.2 
2SU 

75.4 

3.00 ± rx 
30.73 ± 4..V 

100.8 
386.3 
2S7.2 
03.2 

min 
201.1 
313.3 
613.3 

24.1 
i).:r, 
n.:r. 

-'■I"' 
100.« 
1.70 
1.43 
'■'■'■ 
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SHOCK FREE NOZZLE AT UT-AUSTIN 
Sputiul topography of OASPL 
■ Classical heart shape pattern and cone of silence 

■ Peak noise path coincides with Mach angle 

«4,; «, <s <i 

<}   <5  4}   <5 

Attention lu Hi« "far-field" uf the jel 

• Non-linear metrics. 

* Skew of p und p 
* Kuriosis ol'p and p' 
* Marl'ev-Howell indicator 
■ Gol dbcrg number 

■ Burgers equation 

• Cumulative nonlinear distortion'.' 

/   *■ 

•'   y/ >' -   ,.*'' 
0- . ////   .■■'■' 

i >■      .'>'*/'.*'    .■"'■, ..•••*' 

",■■; ;.:■:■■:.■■■■■ 

,.   ..  t, i    it   X  

■\[|<(>\(OIMICS   V- —^^ 

.MM HNK k\ Ni«w KcUuU>.u> liKC Aiuiuiil H-viciv l'«|£u 12 

U. Miss, ANECHOIC JET LABORATORY 

■ ■ 
• 5 INIVH'V C'IHIIHIIHI-. Ik«» Kate 

► hgpM I'iicd. Sm.sk--IA*V burner 
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U. Miss. ANECHOIC JET LABORATORY 

I .II I it li) Art' Arraj Mkmiihom's 

• B&K Type 4939 1/4-inch 

- Free-field Microphone* 

• Type 2670 Pre-Ampliliers 

• Curved Rail Support for 
Ease in Positioning 

VIJI ■■! nlfl Mil inplnim- I'lisiliulli 

i Kulile Sensors: 

- Model XT-140-100A Transducers 

- 2.6 mm diameter. UK) psi range 

i PC'B Sensors: 

- Model 112A22 Aceeleromeier 
Compensated Pressure Probe 

- 50 psi ran»'. Quartz Sensing Element 

s Al KOACOI SIICS ■. ■.Ti. ■mi, infi.i h ■im. 

AiutNK 13 Rom C3SSS BKC 7H5SL GvC5 P»»* 
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U. MISS. ANECHOIC JET LABORATORY 
SUMMARY OF TEST CONDITIONS CONSIDERED 

• let Nozzle 
- CiHiic Section Convecging-Diveigiog Nozzle: Design Mach, Alj = 1.74. 
- Exil Diamcler. I), - 5II.X nun 

• Pressure Matched Operation 

- NPH = 5.2. TTR = 3.37. y = 1.372. M, - 1.74. M„ = 2.54 

• Over-Expanded Operalion 
- A7'K - 3.y. TTR = 3.37. y = 1.368. A/, =» 1.55. A/„ = 2.35 

L     i 
' """"•-C^-s^ 

I' ■ 
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U. Miss. ANECHOIC JET LABORATORY 
B\SI(   ACOI STIC (IIARA(  II KIslK s     I'RESSl Kl   MATCHED 

12 AlKüMHIMHS. 
•^rvtjP*- 
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OUTLINE OF DISCUSSION 

- 
- 

• What we teamed about Mach wave emission and crackle... 

- 
- 

fi MKuminrtCi   vS-HfM^^- 
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MACH WAVE EMISSION AND CRACKLE 

Challenges 

■ Crackling und non-crackling signal have indistinguishable spectral content 

■ No unique measure of crackle - PDF based 

• Skewness of the pressure, Ffowcs Williams « al. 1975: S(p) > 0.4, S(p) < 0.3 

• Skewness of the pressure derivative, Mclnerny 1996, Gee el al. 2007 

■      k Nil 1.1 Sis 

Objectives 

■ Isolate and slndy the shock content in the waveform 

■ Investigate spatial and temporal patterns of crackle 

■ Revisit the metrics for the perception of crackle. 

■ *requires a robust shock detection algorithm! 

kmM 
111 Bun,, "AvtHuliusjitmi ii,y.i< xpvetljrtx wiiln.rtu.-liU," I'lil) hunt rial ion May 2013 
ßlBttnÄ IIIUKV ~QimilfQi1Hivm<M*i*1mtint mummt rinwt Kim\m*t$mtltnllf) »JUfy wfmmmtiMBk3jtt''AtbAfm)m 2"I30JM| 

DRI.4.11 AtOB.tji 
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ittllllNR jLl\l»«H«Jui.lHi(ll»Rf.\llllUalkt:V 

SHOCK QUANTIFICATION 
SHUCK DETECTION ALGORITHM (SDA) 

shock rise time:      *<     W    '    '..    IM**»«. 

shock thickness:   A.,     m '■ I   / .       iMliitt u 

• 1. pressure gradient: /       .i-in';» 

• 2. user-defined threshold:        /       2.7n 

■ 3. median time of p and p":     '•      u 

■ Time-preserving waveform analysis (wavelet based) to study spectral properties 

a   tl   •;■   " 
i 0. 

,\IK",V"is||<s 
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 SHOCK QUANTIFICATION 
WAVELET TRANSFORM 

Progressive, complex-valued, Morlet wavelet: 

,.„/,) =lv-v«/i,.-|./«P/» kv| 

.•(/-■) -(•2-|-1'-I   (■* -v)/'2 

Convolved at 81 scales (base-2 logarithmic progression) 

Complex valued wavelet coefficients: 

/'(/■') /""'"•• 
tf-t 

I 
,11 

Energy density / local wavelet power spectrum (WPS) / global 

£(M) = / i:u.i)- iut-n 

11| WdiH* ")"'•• illuitiutt,tuu\vlel UuHi/uim tMHUbmJ;," Titlm * h«.» N«rt Yuil, NY. ] 

'jjljjf «| | |;;f vcot silt s  
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 SHOCK QUANTIFICATION 
RSS iö 

WAVELET TRANSFORM 
MI nc-wr* mic 5 

iii   i  ii       i      ii i i i    i i i i  rr 

3 t |ms] J 

(cj, arc-array mic 5 

- i u——i t—*_ — 

B(p/Pr» ) 
1« 

  
\ 

*   -a   ,«i   
Q,,(BI    I [*/Hl] 

Wf| lima MUM -.M. maming« «1  whisn Wiobk-IMutluil» •'» 4«tael*H by Ih» B0*. (b) PDF   . 
lalacj WPS   B (BIp,   l)  in  UB-M;    p, ,I   ■   20 pPa and  |d)  IM» UVV»,  hu i  »ptet'Uti  and  Woe 
• ■am nnj.ioy hllai).   Nat*   ngutM «,c «miptoy iitonliul lim* im<t But ion-«maimanal lini* iti in.iu.iti 

<£> .UKUM'IVI >'ll< *>   VijUiu^^- 
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QUANTIFYING CRACKLE -TEMPORAL CHARACTER 

l'-.n LIII intermittent:«: dl shock-structure instances 

*     'Ar,   ■ r„, -*, 

■   "   i?f>>. 
PDF's ill 1 "'-order nidi minimi 

■    Modal trends near the Mach angle 

'■ " Kl III 
nniai»iiIMI naniaui * mmmiM 
i«M; iwiiiMKiiwi •miimi ii mm 

■ in  ■•■in  . uwi.ian.il     mi 

•     Al   -2.75ms 
■ S, - 364s-1 

■ # shocks = lik 

■     Ar  =ll,(ilms 

• S.- 1.6211s-1 

• a shocks ■ 2Kk 

/ 

'!;";^',,'- 
^.'--' 

WAJ^ÖMX)i1sTlc:s _3__ • i     ■ i -1 
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QUANTIFYING CRACKLE - SPECTRAL CHARACTER 

Scaling lo njiliciir full-scale Euergy gain - Krulhapalli el al 2M0 

■ Ftbwcs Williams el til. 1975: "(.nuktf can be suileif     •    GWSrA -» Shock spectnim 

■ Scaling: •    Only function of 0 

SIB 

I), _ li»:l    - mil.,,  . 

'    I  f l>,       .*llll-f ',       llln„,i   - 

U „ I,-..;, , isooiYi 

(d),    S(p)/S(p) „ x 10 

Ftbncs Williams flat. 1974; "   intakte is 
inite/widftu itj the dtittma irawlluJ by the sauna 

|Q A^l«»\' <»■ s|[< s 
,^>- 
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MACH WAVE EMISSION AND CRACKLE 
• Shock properties embedded in the pressure waveform are constant along rays 

emanating from the post-potential core regions of the tlow. 
• Wavelet based transform used to quantify spectral properties of the shock structure 

- Increased energy in higher frequency (not surprising... like a delta functionl) 

• Propose the use of percent energy gain as metric for the perception of crackle 
- Instead of skewness  .   appears shallow angle obsers er Dears the brunt of it all. 

• Wavepacket models are resourceful tools that demonstrate a real promise in 
understanding these mechanisms: Morris (2009), Papamoschou (2011). Kuo et al. 
(20121, Jordan & Colonius (2013) 

null til i/if; prvsxttiY prvssun standard dwutiton 

-<Q>- 
■    .    • 
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OUTLINE OF DISCUSSION 

- 
- 

• How we Improved Hybrid RANS/LUS modeling for military style nozzles. 

- 

iMKWMIMMH^ 
v*. 1.1 ^»J>- 
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CFD SIMULATIONS USING HYBRID RANS-LES 

• Zonal versus Hybrid RANS-LES 
- Zonal KANS-1.ES (typical): 

• RANS M>iuiiou at nozzle exit ued M 

inllovv condition (Of LtiS. 
• Undef^wedicd OASPL levels acrans 

all polar any lev 

- Hybrid RANS-LES iIIRLES): 
• Internal nozzle »eometry included in 

computational Minulaiuuis. 
• HANS solution near hounding 

suiiaecv 
• Transitions in LES bated on eddy 

viscosity. 
• MeAtorable improvement m far-field 

aCOllslic results. 

&IL A IfaM la fh.-^ti Aci».»i. 

K<,W'H'*l|f* 

2011 ONR Jet None Reduction [IRC Annual Ktiicw 

CFD SIMULATIONS USING HRLES 
MlTIIODOI.OCiY 

• Flow Computation 
- ss 7 million grid points 
- Computational Domain: 

"Ian face"u> 30U, 
- 5"1 order spatial upwind differencing 
- 4"' order temporal Runge-Kutta 
- Parallelized using MPI 

• Acoustic Computation 

- 200 kHz data recorded on an acoustic 
data surface (ADS) 
• CFD liiiK step = 5c-x seconds 

- Ftowcs-Williams and Hawkings 
(P\V-11) equations used to compute 
noise at desired larrield location 

|Q Al ROACPI MKS   
-  ,^>- 

2011 UNk Jcl Noi.c KiJiiLlioji I1UC  Vimiutl kcu.u 

CFD SIMULATIONS USING HYBRID RANS-LES 
M|;AN AND Fl.UCTl VIINCi CHARACTERISTICS 

l»|i: I IK i. \|..niil..l I lii.ll-.iii: l'i. ..lit. in..1. IHII 

• Exil Boundary Layer 
- Appears initially laminar 

• Spectral Characteristics 
- Good agreement out to grid 

resolution limit of* 10 III/ 

iuiiliiiijjiUii. ^■,fi<g» 
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OUTLINE OF DISCUSSION 

- 
- 

• What we (bund from the computational phased array analysis,.. 

- 
- 

AFRWAnn'STirs 2*1 . .w-> 
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PHASED ARRAY CALCULATIONS 

• ADS -» F-W&H -> Array Mies • Application: 
- Possibility to use locations not 

feasible in a laboratory settine due to 
spatial or tlowricld restriclions. 

- Allows for use of many more 
microphones (ban practically feasible 
in experimental work. 

- Allows for rapidly reconligurable 
phased arrays of different designs. 

- Use multi-arm spiral arrays with 
sensor al logarithmically separated 
spacing. 

- Three arrays oriented at different 
polar angles to localize sources 
corresponding to different jet noise 
components. 

• Can tailor position/size to 
ftequeocy/waveoumbef/propagatioa 
path of interest. 

• Caveat: 
- Obtaining "sufficient" ensembles 

requires numerous time-resolved 
CFD iterations. 

I:   (Ay/ 
■   OFM 

> c«"«!        "" **■ UM 

" 

WAEROACOUSTICS  .^>- 

IDUONRJMNH 

EXPERIMENTAL BEAMFORMING 
ESTIMATE Ol  ENSEMBLE REQUIREMENTS 

• Daia Acquisition: 
- Linear array of logarithmically 

separated sensors in u.O-plane 

IQ ■■\|-K",V'H^II<> 
~N—*-" 4, ... .^*- 

.Uh'w.MWI SHCS   

211IU INK Jrf Noi*L- kulutlkffl HKC .annual kttim 

EX PERI M ENTAL B E AM FOR MING 
ESTIMATE or ENSEMBLE REQUIREMENTS 

• Data Acquisition: 
- Linear array of logarithmically 

separated won in {x,i i-plane 

• Results of Delay-ami-Sum (DAS I 
IJeamlbrmiiij; 
- DAS results refined using DAMAS 

technique. 

• Conclusion 
- At least f> eitsemhles at A/ m 4X.S3 

11/ are required for satisfactory 
resolution ol acoustic sources 
• Corresponds to £:2.5 million CFD 

iterations. 
4 t'HMIIihfc-*. .%/ 
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INSIGHTS FROM DAS BEAMFORMING 
OVHKIiXPANDfcD WITH CENTBRBODY HOT - CFD 

• General directionality follows expectations. 

• Ccnterhody has negligible effect at these 

NPR's. 
• Shock noise clejrly present in the overexpanded 

conditions at the 3.13 kHz and 5 kHz center 
frequencies. 

• At 8 kHz, nil three configurations have similar 
noise levels across all frequencies. 

\ja«ik C«M far ntsoil Ac«a» 

Al HUM WHIMS   
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DAS RESULTS, 5 KHZ CENTER FREQUENCY 
NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

• Peak noise (135): mixing noise appears to peak fts 6D, 
• Sideline (90°) 

- Peak amplitude n 8D,. 
Multiple peaks may be evidence of shock cell lucaliuns. 

• Upstream (45 ): lower amplitude shock noise extends up to ss \5Dj. 

a Mn *:». A*.*..»,. 

,\IK»>,-V"'s||'s   
V-   f.ftoffi»- 

SlltdNK tclN,»^ Reduction UKC \ninul Kci 

DAS RESULTS, 5 KHZ CENTER FREQUENCY 
NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

• Peak noise (135): mixing noise appears to peak t» 6Dj 

• Sideline (90°) 
- Peak amplitude K 8£>r 

- Multiple peaks may be evidence of shock cell locations. 

• Upstream (45 ): lower amplitude shock noise extends up to ss 15DJ. 

AlKQAtotslKs   
V-TYH^>> 

Jul) (INK Jcl Nntst kcdixli.m IlKC Annual Htviciv 

DAS RESULTS, 5 KHZ CENTER FREQUENCY 
NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

• Peak noise (135"): mixing noise appears to peak = bDj 

• Sideline (90c) 
- Peak amplitude s= 80y, 
- Multiple peaks may be evidence of shock cell locations. 

• Upstream (45 ): lower amplitude shock noise extends up to w ISDj. 

■MK'VV'H MHN   V-    lif'<P>- 

Si HUNK IuN,H-cKi.dixli.-iHK(.- \iiniul kcview !■.,,■. li. 

DAS RESULTS, 3.15 KHZ CENTER FREQUENCY 
NOZZLE WITH CENTERBODY, OVEREXPANDED OPERATION 

«> Source regions extend only ss 8Dj. 

• Shear layer & shock cells seem more significant. 

-Twodistinct source locations in the shear layers apparent at 45 

\IH'>MPrMIO 
4ui^ 
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DAS RESULTS, 3.15 KHZ CENTER FREQUENCY 
NOZZLE WITH CENTERBODY, OVEREXPANDED OPERATION 

 .—^_        : 

1  . 

< Source regions extend only ~ 8Dy. 

i Shear layer & shock cells seem more significant 
- Two distinct source locations in the shear layers apparent at 43°. 

AEKiaiSs5ES  * ■ 
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DAS RESULTS, 3.15 KHZ CENTER FREQUENCY 
NOZZLE WITH CENTERBODY, OVEREXPANDED OPERATION 

• Source regions extend only « 8£>y. 

• Shear layer & shock cells seem more significant 
- Two distinct source locations in the shear layers apparent at 43'. 

AEROACOUSTK-S 
C ■„ .^>' 

;i.UO\k M'.! ! RtJucli.,i HkC Annual k.:v>cw 

DAMAS RESULTS, NOZZLE WITH CENTERBODY 

> >..';??\'$i-i\ptfL£±r>. 

- _-—. 

>■ % 

_ — 

>• >•:••'>   '., '1 

 1 .   * ■JI-C| 

5 kll. (Viilt-r l'rrnut:iu-.i. I'rvwurr MuUhtrd OIKTUIHMI 

Mixing Mian Diuiiiiuni 
J.15 kll/ i . ..i. i i . r(|urm .  < >i. i. \| I. d Optmtfi 

Mi-ii t- Pun Hi'iinii.iiil 

AIH"V"I HH'1   

lui i ti'.K .1. 1 \i.i--, li.Jih.liiKi HKC Annual Review 

OUTLINE OF DISCUSSION 
» 

- ■ 

- 
i 

i 

t 

< What we have learned by investigating noise source terms with LBS data.. 

t 

- 
- 

AIKIMUM "illn   ■.. .^> 
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NOISE SOURCES IN SUPERSONIC HEATED JETS 
Challenges: One must resolve buth space and time. 
• Experimental handicaps: 

• Difficult to resolve both space and time (PIV-spatial. LDV-temporal) 

• Limited access to thermophysical properties 
• Numerical handicaps: 

■   Meshing requirements required for stabile solution (still not possible for DNS at 
realistic Reynolds numbers) 

• Statistical convergence 

Objective/ Motivation: 

• How we can leverage the strengths of both tools to address outstanding challenges 
in jet noise? 
- "Lighthill-like" approach (still an analogy!) 

• Effects of viscosity, heat, compressibility, 2-D vs. 3-D 
- Wavenuniber frequency make-up inside the source field. 

n In M.. * si A.W.B. 

AffiQACQUSHCS 
^^"W* «^v 

lUlloNR M \.«^ KtduLiM« SEE \ninul fÜSÜ 

THE LARGE EDDY SIMULATION 
Fully expanded tactical aircraft nozzle: 

M'H i .'1 1 «AHhi II T,7* Ci/C~ 11.10 

D/H 041808 1 "j [">/»] h7li.fi °J/°<* 1 II, 

T, |K| 1006 M, 1 71 «(■hi) lit I.V. 

T, |K| i,M Mu U 1 

1 .    K -2-.l:i 1 11. , >vHKHJ»l 

Tat)It' 1.   IVrforiiuiiMv i»r>i|n rlit-3 «ifllir IKIKS.IY I H INC. I mi iiiumi 1><I i-witli epic cum« c-.*ibli- HIM itjtml limn 

Large Eddy Simulation provided by CRAFT-Teeh 
• Ideal Gus Law, Sutherland Law 

• Time Resolved Data Saved at 200 kHz 

• Differencing scheme: 5lh order in space, 4"1 order RK in time. 

• Spatial derivativ«; 2,kJ order - central 

Q AW Willys   
■ yT> 

:iiHci\kkiv,.*«(.KttiuLiniiiiiKL* vimuiii KUVIJM 

THE LARGE EDDY SIMULATION 

MKOVtOI Ml< S 

'H>, M II 

V^ I.,"« -gg>- 

2lll.I (>\K Jcl \wtti KcJuvli.-i IlKC  \imtul Ktv.cW 

LIGHTHILL'S ACOUSTIC ANALOGY 

!•.,..  II 

•   Inhomogeneous wave equation: 
0-p      .2   <72,) OfTjj 

•   The Lighthill tensor:      Tij^fl = j>Ü,üj -JiUjUj + (p'-r^/)d',J -(T~| 

(I) ITT (3) 
Viscous stress tensor for Stokesian gas: 

/  du,    dü4   2 (düj>\ . \ 

"("är-""är- + 3teJ^J 
How do each of these terms contribute to the acoustic analogy and the generation of 
sound by jets? -given the restrictions imposed by a time-resolved PIV system 
(3) viscous effects? ^^^^^^^^^^^^^^^^ 

(2) heating effects? 
(I) 2D versus 3D 

Tij,2 - Üiüj - UiUj "simple 

B MK"M "I MH ^ 
taiui^ 
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EFFECTS OF SIMPLIFYING ASSUMPTIONS 

#2T        .» 

OXi&Xi 

i 

ft 

dXidXj 

Sod /vf ; 

dxßx, 

S-2 = dxtdxj 

L^-?***? 

P%UT«a.   Contour» of <-•> \ ,. i (b) ■•>'., i («)£■ (d) >„•. Am|>inu,l.- bam I"'ii muituilbtfl l.v ..,■! 
plottad in lim«riili!uk -J.IU 

lA["KnA(-(')l'sri(S   
*C^-rf.^ i.. J»*W 

2IIIH i\K U \.>i... KiJuUi.ai HKf Annual «CH.-W Kp 5 

WAVENUMBER FREQUENCY CHARACTERISTICS 
Separating radiating and evanescent components of the signal. 
- Use wavenumber frequency spectra: 

S(A-,,/) o i- ff S(x,t)W(x)e-*ik"*+2wft) dxdt 

- Need to define a threshold tor filtering!! 
• Temperature variations effect variations in the sound speed. 
• What sound speed do we use? 

- That of the ambient field or that of the uas where the source term lies? 

Njttuujt (nie in fkiiKa) Atmbl\ 

AIKOACOISIKS   wwy{g>- 

l\\\\ ONK Jtl Nuist K^dlMnni likl- Uuii.al k^-vitw 

RADIAL COLLAPSE OF JET PROPERTIES 
• Normalization:;-* — (/• - r-M)j(i\m — no) 
• Source Convective Speeds: 

- Faster than the mean on the Low-Speed Side 
- Slower than the mean on the High-Speed Side 

• Horizontal Lines: / ',. = a^. I ,. - ().?<,. and <', = 0.W , 

9           Ü 

*      S,:i ;     ,, A-^S 
■     $a * 
.      St ■..- 

ii.-i 

-- u.rr. .p- * 
•m --f'^ ' ■ 

—r,Ju>,t-> • 

l           -t s 0 AS ; 

  =    OLJ 

FtCUN II.   (a) Radial dUtribilllmi i.rthr i-.mvv.liw vflm-ll> iibtidiH'«! h-ulu iwu-puinl lon-fliit Itm*.  (t>) Colli.|iw 
of llif inimn stri'iiitiwi*v vulurlty mi-i luid thi- nvii <i«t' innvnllvi   vi Im It>. 

AHilUI III  SI l( s ^*f^ v--   ■y>' 

WAVENUMBER/FREQUENCY - EFFECT OF SIMPLIFICATION 

(a) u 

■MWOACIH  MKS   'V>- 
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REGION OF ACOUSTIC EFFICIENCY 
Percentage of Acoustical Efficiency: ratio of... 
- Total Spectral Energy (positive I,, J): F.t 

- Acoustically Efficient Energy (sonic threshold): /.', 

Highest Variance in Velocity: Near Center of Shear Layer 

Highest Efficiency Percentage: On High-Speed Side 

1 I.'.I- 13. 'lnt.it .ii.it PugMMonte yrtittl maacggi l.v«-i- fur taw ..lit... i,.' «>'iu.i—jn"l- M. ..(...I«. ,•■.,,. •,,. 
IMIttilliiRt» of mi'ii-lK' ■ 111. i« i.< * (.i) nil It till' >.Hinitil' >|«»1> iiiwl tlti' (tu-in vH.-ity iiinli.il (it ••ni<' I'M ■I-MIH 

llii- 1J urnij», Tin- right y-,«.:» jyv«~* the |«rr<-*'itf..n;i- mil«-» while the |i-ft y-tuti* xivt> It»- >|«-itr.tl run>;i U \- \ 
■ »>»■■■■»*.■■■ by it-  vuiini.i ■■■ (..i  1 ■'       ... ■   ■    J - .     .■■ ■!..  

AffiQAoagaca   
^Uli^- 

id 11 (»S.K lei N'.it«; R.Jutihm IIKC Anruul Hum« 

PRESENT OBSERVATIONS FROM CFD DATA ANALYSIS 
In wavenumber/frequency space it appears that the simplifications 
imposed by the experiment may not be completely limiting. 

LES confirmed negligible effect of viscous term on acoustic analogy 
(Freund 2003). 

Present analysis firmly sets the stage for investigating the 
wavenumber/frequency spectra using the time-resolved PIV data 
recently acquired. 

,,IK",V ".V" sll< s  
v-    ■„   -y>- 

2IH1 UNk hi \.H.U KuJkk.u,Hi HHl' \niiiul k.viLV 

OUTLINE OF DISCUSSION 

- 
-Cun 

• ■ 

• - 

• How we setup and acquired Ibe synchronous data set... 

- ■ 

MHMMtMMIO   
v^-i,i-;...gS>- 

2tilM)SK kl S'.M.« KH1M«.IH>«I likL' Annual K-u.w I'jgt 5: 

SETUP DETAILS AND RUN CONDITIONS 

\IKO\<(II sues  
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SETUP DETAILS AND RUN CONDITIONS 

AVktTvtm^TKs   
\&~~*.r<jltft** 

SD OWJunfi RUIIKIR« HRC Annual Rent 

SETUP DETAILS AND RUN CONDITIONS 

, i i ijlL11 

• Conic without Centerbody, Overexpanded 
• NPR = 3.93. «j = 1.555. Tj = 13S0°F, A/„ = 2.34 
• Cordin Acquisition: 

- 303, Ift-imaeo acquisition (= I every 15 sec.) 
- tjtl training rule I \SfU total time l 

• PCXXEdge Acquisition 

- Image-Pair (typical l*IV method) acquired every 0.5 Moondi 
- Hirst Hranie - Single EjqMMK 
- Second I i.iinc    Multi-Hxposure 

InJnlwn..^ 
AIKDACOISIKS   

v-- Ul*Jg^- 

Jill.! tl\K U S-.-fic HcdtKlion HRC  Vimiul kevicw 

OUTLINE OF DISCUSSION 

- 
- 

- Preliminary mutts of streak-image analysis. 

AlKQ-mH'MI^ 

2olH>s:k k\ Sim« kiduvlMi IIKC Annual K^iivu I'-t«. *" 

STREAK-IMAGES REVEAL COHERENT STRUCTURE 

^»■tV V -itSin.muni -^ ^~ 

UUjAFKOAttHSTKS  
~&~t,t!ä^>- 
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STREAK-IMAGE ANALYSIS 

ft„C/,A) 

.'jtj-pivl ninclou 

• Application of windowed autocorrelation methods. 
• Identifies direction ami velocity magnitude. 

.Wim OU'Hltioil 

o AhK'T-vi")'rsTiTs 
p 

;0 I' U\K Jtl Nuin: KtduvlMi HRC AniiuJ Rt* K 

STREAK-IMAGES REVEAL COHERENT STRUCTURE 

AhK".V'»s||<s  
^J^üü^^H^ 

•tlllONH Jtl\i.i^RtdiKU<«ihHl' Wmiul ktvKW K& B 

OUTLINE OF DISCUSSION 
I 

- 
- 

i 

i 

- Preliminary results from Timc-RcMilvod I'lV analysis. 

» 

M-Ho-vroi-sMc-s 
Sf»«^ Sgüj^^^ 

•tiiuiNKj,.is;>^ck..diM!.u1i!ki' ■ 

MHz RATE PIV 
Rp 91 

• Utilize a Ml Iz rate pulse burst 
laser system and MHz rate 
camera to acquire a sequence of 
partiele images at high speeds 

• Determine velocity using PIV 
cross-correlation algorithms 

DEVELOPMENT & IMPLEMENTATION 

• Transport equipment form AU 
to NCPA 

• Faeility integration issues 
• Development of robust image 

processing algorithms suited for 
MHz rate image data 

Pulse Burst Laser System 

«Pln^alA.«..!** 

AfRUMWI Min 

Cuidin 222-4G Camera 

P——I 
'.■L-JHM 

ii^^>- 
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MHz RATE PIV 
CHALLENGE: PARTICLE SEEDING & IMAGE QUALITY 

Q n la Kt^*;al A ~ 

Conventional 
PIV Camera 

Cordin 
MHz Rale Camera 

AIK'W" -sn<-s 

Year 2 

SJ[1|)S'K Jet Sm-.*; Redik.Ui.uHRC Annual Ktu 

MHz RATE PIV 
CHALLENGE: INTENSE ACOUSTIC ENVIRONMENT 

• Pellicle beam splitters used to 
split the image along separate 
paths have a resonant frequency 
in same range as acoustic 
frequencies produced by jet 

• Led to image blurring due to 
vibrating beam splitter 

• Solution 
- Construction of anechoic chamber 

for the camera 
- Move camera further back from 

flow field 

|(Sl Niritfüii TUB fa B-jJlAfl» 
"''■'--     |! ■ 

AHLQACffl sues 

.!lJl.< 1>NK Jet Stus« Reduction HKC  Vitmial Knitw 

MHz RATE PIV 
RfS S3 

DYNAMIC EVALUATION VIA ORDINARY LEAST SQUARES (DEVOLS) 

MHz rate camera image quality 
compromised by particle seed 
density, laser power, intensifier 
and beamsplitters 
Algorithm developed to provide 
- Robust velocity measurements 
- Increased dynamic range 

DEVOLS 
- Utilizes multiple image pairs 

centered around an instant in time 
to optimally determine local 
velocity 

- Least squares fit of displacement 
vs. time 

fi} iiir\nn MH-i 

Svnllitlit   N<n»\' I'lVOalinilan 

l*^3£JJd^^^ 

ill inS'k'jtl Ntuvs KvJitc HÜf Muiii.il kL'til nS M 

MHz RATE PIV 
PRELIMINARY RESULTS: DEVOLS ALGORITHM 

a n^v -J AitHt-tKv 

AJ-KIIMUI £QC3 ^ ^~~t,r;«{P»- 
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MHz RATE PIV 
PRELIMINARY RESULTS 

• Streamwise component of 
velocity 

• Standard PIV 
• Low-pass filtered in space and 

time jprjjjp^j-j. ■ '" 

• Cropped to region with highest 
signal levels 

• Data reduction is time- 
consuming process and is 
ongoing MÜ 

t        11       tt       a       »       M       »      41 

1: 
Mm 

lioa 

ÖuK.n,,.,,,,^                                  MM          ^*» 

c EeSÖSää BRC Annual K.i 

MHz RATE PIV 
FUTURE WORK: BETTER CAMERA TECHNOLOGY 

Cordin - 222-4G 
- Best available -2 years ago 

- 16 frames (a: 2.048 x 2,048 pixel 
resolution 

- Pellicle Beamsplitters - frame-to- 
I'rame jitter, reduced signal, 
susceptible to vibrations 

- Intensifier- high-speed gating, 
decreased spatial resolution and 
image quality 

Specialised Imaging - Kirana 
- 180 frames @ 924 x 768 pixel 

resolution 
- Improved image quality 
- Custom image sensor with on-chip 

memory (no beamsplitters = 
greater sensitivity and no frame-to- 
frame alignment issues) 

- Available for demo in next few 
months 

m Al-RQ.-V •'>'■'II'>   
«fr^> 

in HUSK Id Nmsc Ki.Jik.Uim liKl'  \nmul Kti 

OUTLINE OF DISCUSSION 

- 
- 

• I 

- 
- 

• Another promising approach... Plenoptic PIV 

fi AM^JA^Misiirs   VtJ-^W^» 

2DIIUSK  klSni^K^dlKlliHlHKf    \lllilLll K^ 

VOLUMETRIC PIV 
LIGHT-FIELD IMAGING AND THE PLENOPTIC CAMERA 

Analysis of planar data often 
must assume axisymmetric or 
helical-type flow structures 
Volumetric PIV 
- Tomo-PIV-Multiple cameras 
- Generally limited to thin volumes 

(10 mm or less) 

Light-field imaging 
- Considers the complete distribution 

of light in space 
- Record both the position and angle 

of light rays traversing a volume 

Plenoptic camera 
- Utilizes a microlens array to record 

the light-field 
Small, compact, robust 

■UHO\< MIMICS   virjj, 
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VOLUMETRIC PIV 
COMPUTATIONAL REFOCUSING WITH A PLENOPTIC CAMERA 

,.M-KOACOI.:S|-|C-S 

201.1 ()\K Jcl S'uiw ReJuelitm 11RC Annujl k.\ i 

VOLUMETRIC PIV 
PLENOPTIC PIV: PRELIMINARY RESULTS 

Tomographie reconstruction + 
3D cross-correlation algorithm 
Proof-of-concept at NCPA 
- Volume size: 60.7 mm x 90.9 mm 

x 100 mm 
- Centered approximately at x/d = 

1.5 

/* ever volumetric PIV 
measurement in a supersonic jet 
at this Reynolds number 
Single day of experiments 
- Did not optimize illumination, 

particle seeding, tomography 
parameters, etc. 

- Quite pleased with results 
considering this was 1 * attempt 

,\|KOA<ois||(s 

2oll U\R Jet Num.: ReJUktiuii HKC Annual KeMsw 

SUMMARY 
• What we learned ahoul Mach wave enussntn ami crackle... 

• Hon wc improved thhrul RANS/LES modeling lor military style noszlec 

• W hat wc found I'rom tlu- computational pliased urra> analysis .. 

• What wc have teamed h> tmnestigatiag noise totoce terms with LES data.. 

• Shone preliminary results Iron» Time Resolved PIV anal> sis... 

• Uwihiii: advancements in experimental techniques... 

\\\ui\<oi sues v^--t.r^^p>- 

2013 ONS M NMN EMWGWM UKC Annual Ktt 

PLANS FOR YEAR 3 
Reduce synchronized data set to ensembles of time dependent 
velocity and pressure Tor further analysis. 
- Apply coupled wavenumber/l'requency analysis. 
- Make available to other BRC teams as appropriate 

Modal decomposition of velocity data retaining short-time evolution 
as a dependent variable: n,u.v.n   y_,« V.'u.v.n 

Run additional CFD iterations to further enhance computational 
database for beam-forming analysis. 
- Use results for 3-space wavenumber/frequency analysis. 

Perform synchronized data acquisition with Kirana camera 
- No later than Fall 2013 to give time for analysis prior to end of program. 

Continue analysis of Plenoptic PIV data: Source identification? 

Use shock detection algorithm with stochastic estimation to identify 
associated flow-field structures. 

AI-WmtTH's'TifS 
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